This paper briefly describes the elements of a systems approach for defining the role of the operating crew of a nuclear power plant. A systems approach aims at solving the multifaceted and interrelated problems produced by complex man-machine systems. Through systems analysis and engineering, an organized and systematic approach to the proper allocation of roles between man and machine can be made. This approach is utilized here to develop a methodology for specifying the optimum role of the crew in a nuclear plant system and also defining the internal structure of the crew for the purpose of ensuring the safe and economic operation of the plant.
Introduction
Long before the accident at Three Mile Island, Unit 2, the nuclear industry was aware of the importance of human reliability and operator-plant compatibility in nuclear plant operations;1 however, the application of human factors engineering in plant design had been minimal. On the assumption that operator training programs had been adequate, the research, development, and application of human factors engineering and advanced diagnostic techniques were considered to be of low economic benefit. Even operating crew. In the event that a disturbance occurs in the operation, the operator's role is to prevent and/or limit the development of hazardous conditions and equipment damage. The extent to which he can fulfill this role depends on his knowledge of the overall system, the adequacy and relevance of the information available to him, and the availability of control options through which he can respond to that information.
A program now underway at Oak Ridge National Laboratory (ORNL) is designed to examine the operator's role by a systems approach: that is, to perform a systems analysis of the operator's role as it currently exists at nuclear power plants, and then, through systems engineering to define the operator's role as it should be for optimum performance. The status of the program, titled Operational Aids for Reactor Operators and supported by the Nuclear Regulatory Commission, is discussed in this paper.
The systems approach has been well documented12 and has been successfully applied to high-technology, highrisk industries such as aerospace and aircraft industries Singleton 3 proposes that the analysis or design of a human-machine system can begin from any of four starting points: The systems approach is intended for precisely the sort of multifaceted problems produced by complex manmachine systems. It provides an overall framework that allows dll elements of a system and their interrelationships to be characterized in a methodical fashion. The systems approach demands the evaluation of all elements of a system and its surrounding environment, which includes the human element.
The nuclear plant system that includes the operating crew encompasses the whole of the plant: the control room, the process, utility management, and also plant personnel. Integration of operator, control room, and plant systems requires understanding of the individual system components, their relationship to each other, and their combined effect at the system level. It will include an examination of such diverse topics as information flow requirements, human capability, machine capability, plant system requirements, implementation constraints, and crew structure. Crew role and crew structure constitute the framework through which operators interface their uniquely human qualities with the system. Crew role and structure are related as follows: role is the functional relationship between the crew, as a single entity, and the plant; and structure is the internal relationship of the crew. The remainder of this paper highlights current crew role and structure and suggests roles and structures based on a general systems approach.
Current Crew Role and Structure the plant and the objective of the next phase of operation. In addition, each organization involved with nuclear power production and regulation describes the role with a different emphasis. Role descriptions can be derived from several sources:
(1) operating procedures, (2) plant designers, (3) operator examiners, (4) (4) initiate recovery actions. Thus the operator's current role is the execution of a fixed response that relates a defined set of procedures to the control of the plant. The operator's primary objectives are to ensure the design performance of automatic safety features and to manually control them if necessary to achieve the overall safety objectives.
Nuclear power plant operating crews in the United States are composed of teams of individual operators placed in a hierarchy according to level of training, experience, and responsibility. Individual crew members are not specialized; that is, they receive uniform (not diversified) education and training directed toward developing a general knowledge of the plant. They are expected to be proficient operators of all plant equipment, and therefore, they are interchangeable. The primary responsibility for directing the activities of the crew and ensuring the safe operation of the plant rests on the shift supervisor. The assignment of duties to individual reactor operators is at the discretion of the shift supervisor. In a multiunit plant, an assistant shift supervisor is assigned to each unit; he has direct management responsibility for the staff of reactor operators under him. The current structure of the operating crew has no built-in separation of responsibility by function, plant system, or task. An exception is noted, however: the shift technical advisor is educated and trained at a more theoretical level than shift operators. He is assigned technical responsibility, not operational responsibility. The shift technical advisor, shift supervisor, and assistant supervisors are usually required to have a senior reactor operator's license; reactor control operators are required to have a reactor operator '5 license; and auxiliary operators are not licensed. Also called shift engineer or shift foreman, depending on utility.
The role of the operating crew can be viewed from many perspectives, depending on the state of Further information available in NUREG-0731. '8 The crew structure typical of most power plants represents a management hierarchy as shown in Fig. 1 
Systems-Based Crew Role and Structure
In defining a crew role using the systems approach, one would begin at the general, most integrated levels and systematically work to the specific, least integrated levels. Identifying and defining the crew interfaces at the general level is necessary to understand the complexity of interactions. The crew interacts in four interface categories: (1) functional, (2) equipment, (3) institutional, and (4) personnel. These interfaces are graphically illustrated in Fig. 2 , where the form of interaction or communication is shown in the circles: verbal, visual, written, manual, audio, and olfactory.
The functional interface refers to interaction of the functional characteristics of the process itself and that of the instrumentation, control, and safety systems with the crew. The operator, having a mental model of the plant, interacts with the plant using a knowledge of the system to interpret responses, make decisions, and control interactions and energy flow.
The equipment interface refers to the palpable crew interaction areas: (1) the instrument panels, consisting of the physical displays and controls, and (2) the environment, consisting of the workplace and its condition. In the equipment interface, the operator uses his physical senses and manual abilities.
The institutional interface refers to the crew's interaction with (1) the written procedures and associated training provided by a vendor or utility training organization, (2) the utility management, which advocates an operating philosophy and employee working climate, and (3) the regulatory bodies, consisting of the NRC, labor unions, EPA, and other private and government agencies. The crew learns rules through the institutional interface and applies them to plant operation.
Finally, the personnel interface refers to the human-to-human communication that routinely takes place between two or more operators or between operation and maintenance crews.
From a systems perspective, personnel functions can be defined using a top-down approach. Many perspectives are possible. Without elaboration, one general set of function categories, which applies to normal and off-normal conditions, follows:
1. Administration -refers to activities of record keeping, building security, personnel supervision, and feedback to design groups for future improvements.
This general set of function categories can serve as a starting point for a systematic approach that will help develop a well-defined, optimized crew role. Human-machine capabilities 12 stress behavior,19 and implementation constraints,20 discussion of which are beyond the scope of this paper, must also be considered in developing all aspects of the operating crew role.
Effective crew structure relates crew members to each other and to the plant. Crew structure coordinated with a well-defined crew role results in an efficient use of each individual operator's ability. To maximize this ability, crew role and structure should provide a framework that benefits from the diversification of education and training among individual operators. This specialization of talent will help individual operators access specific knowledge about the plant and will help channel information flow to reduce extraneous and competing information.
Crew structure should also provide a framework that integrates the special training and function of individual crew members to accomplish the overall crew role, especially the safety role. A coordinated crew would have a large collective awareness of plant status during unusual situations and would perform consistent, systematic plant status evaluations. They would generate decision alternatives from a broad base of information and would follow a course of action that results in a minimum opportunity for error.
The salient features of a well-structured crew are (1) orderly flow of information, (2) specialization of task, (3) distribution of workload, (4) delegated responsibility and authority, and (5) well-defined manman and man-machine interfaces. Several methods can be devised for organizing the operating crew. As an example, four different structures are presented here. Though these examples do not exhaust all possible crew structures, and no attempt is made to present them in an in-depth fashion, they do serve to illustrate possible variations. In the first (see Fig. 3 ), the crew is arranged by physical system; i.e., the structure places responsibility for each major plant system on an individual operator specifically trained for that system. This structure offers a form of task specialization and distribution; however, intersystem coordination problems should be anticipated with this structure.
The second example, shown in Fig. 4, gives Finally, Fig. 6 depicts a hierarchy based In the months to come, the ORNL program will evaluate these crew structures and others based on the systems approach. The successes and failures of similar crew structures in other high-technology industries will be examined. A limited quantity of crew structures will be selected and ranked according to their potential improvement on overall nuclear power plant safety. Simulator testing and verification of these hypothetical structures will be required prior to plant implementation.
Conclusion
Crew role and crew structure form the framework through which individual operators coordinate their efforts to actively influence the course of normal and abnormal events. A well-instructed crew will take advantage of personnel specialization, task assignment, and hierarchical distribution of responsibility.
Crew-to-crew and crew-to-system interfaces must be well-defined to eliminate unintentional overlap of responsibility and ambiguity of information. As nuclear systems become increasingly automated and utilize computers in control and safety functions, the systems approach becomes necessary to ensure that new possibilities for error are held to a minimum. The systems approach can be applied to develop an optimized crew role by balancing human, computer, and plant capabilities to meeting the functional requirements of the nuclear power plant. A well-defined role will become the basis for developing design requirements and review criteria for potential operational
